Introduction
============

Since the discovery of carbon nanotubes in 1991 \[[@B1]\], much effort has been focused on the synthesis of other inorganic tubular nanomaterials, such as MoS~2~, BN, TiO~2~, VO~X~ and GaN \[[@B2]-[@B6]\]. Nowadays, various inorganic nanotubes have attracted more and more interests in the nanomaterial research \[[@B7],[@B8]\]. Nanotubes of inorganic materials like silica, which do not have sp^2^ bonding that favors tube formation, were generally prepared using porous materials \[[@B9],[@B10]\] or wire-shaped materials as templates \[[@B11]\]. However, once these templates were removed, the tubes would generally bundle up and become less oriented, even be damaged. Considerable efforts have also been made to prepare aligned silica nanotube arrays to improve their functionality in advanced thin film devices. Fan et al. \[[@B12]\] have developed a process to transformed silicon nanowire arrays into silica nanotube arrays through a thermal oxidation-etching approach. Li et al. \[[@B13]\] have synthesized ultra-long and well-aligned silica nanotubes by the VLS (In as catalyst) mechanism lately. These SiO~2~ nanotubes are of special interest because of their potential applications in bioanalysis, bioseparation, optical device and catalysis. Compared with the insulating SiO~2~ nanotubes, the silicon monoxide (SiO) nanotubes are predicted to be semiconducting and proposed to have prospective applications in the semiconductor and catalysis industries \[[@B14],[@B15]\]. Although the studied SiO nanotubes are very thin and only of triangular, tetragonal, pentagonal and hexagonal cross-sections considered, the study suggested a possible route to tailor the electronic structures of silicon oxide (SiO*x*) nanotubes. Meanwhile, the investigation of PL mechanism of SiO*x* nanotubes have important significance because the room temperature PL of porous Si \[[@B16],[@B17]\] and Si-ion-implanted SiO~2~ (SiO~2~:Si^+^) \[[@B18],[@B19]\] has stimulated comprehensive studies on light-emitting devices made from Si-based materials. So far, reports of producing SiO*x* nanotubes are still very much lacking \[[@B20]\].

Electrospinning is a simple and highly efficient technique to produce long and extremely fine polymer fiber using an electrostatically repulsive force and an electric field between two electrodes to apply a high voltage to a polymer solution or melt \[[@B21],[@B22]\]. Meanwhile, different from other nano fiber fabrication processes, electrospinning has the ability to form various fiber assemblies \[[@B23],[@B24]\]. So the approach of using electrospun polymer fibers as templates \[[@B25]-[@B27]\] provides great versatility for the design of tubular materials with controlled dimensions. In this work, the preparation of aligned ultra-long and the synthesis of diameter-controlled SiO*x* nanotubes array by plasma-enhanced chemical vapor deposition (PECVD) process using electrospun-suspended polymer fiber array as template are reported. The morphology and chemical compositions of SiO*x* nanotubes were characterized by scanning electron microscope, transmission electron microscope equipped with energy-dispersive X-ray, X-ray photoelectron spectroscopy and micro-Raman. The micro-photoluminescence spectrum was also measured to investigate the luminescence mechanism of SiO*x* nanotubes.

Experimental
============

Poly(vinyl pyrrolidone) (PVP, 0.18 g,*M*~w~ ≈ 1 300 000, Sigma--Aldrich) was dissolved in ethanol (3 ml) to form a 7 wt% solution, then loaded to a glass syringe equipped with a stainless steel needle with an inner diameter of 0.34 mm. The needle was connected to a high-voltage supply capable of generating DC voltage up to 60 kV. The voltage for electrospinning was kept at 18 kV. Two pieces of stainless steel stripes with an air gap of 8 mm were placed 18 cm below the tip of the needle \[[@B24]\]. Assisted by electrostatic interactions, the nanofibers were stretched across the gap to form a parallel array. A stainless steel U-shaped frame with a distance of 4 mm between two branches was used to transfer the aligned nanofibers by vertically moving through the gap. The U-shaped frame with suspended nanofiber array span across its two branches was left in dry oven with temperature ranging from 80 to 150°C for 8--10 h to make the PVP template fibers thinner. And then it was transferred to the reaction chamber. The PECVD system is capacitively coupled using a radio frequency (13.56 MHz). After the chamber was pumped down to 3.0 × 10^−3^ Pa, the pre-treatment of template fibers for surface activation was conducted by the H~2~ gas and Ar gas injected into the chamber for 10 min. The applied radio frequency power was 60 W. Then, silane gas with the concentration of 2% flowed into the chamber for the coating. The deposition pressure was 130 Pa. After coating, the aligned core--shell nanofibers were transferred to the surface of silicon wafer by vertically moving silicon wafer through the gap of U-shape frames. Finally, the aligned core--shell nanofibers array was heated at 800°C for 2 h in high-purity argon gas (99.999%) to remove the PVP core, which led to nanotubes array.

The morphology of aligned nanotubes was observed by field emission scanning electron microscope (FE-SEM, Hitachi S-4800) and transmission electron microscope (TEM, JEM-2010, 200 kV). Chemical compositions of the nanotubes were detected using an energy-dispersive spectrometer (EDS) attached to the TEM, X-ray photoelectron spectroscopy (XPS, VG ESCALAB 210) using Mg *K* a radiation and micro-Raman (JY-HR800) with a yttrium aluminum garnet (YAG) laser (532 nm). Furthermore, the micro-photoluminescence (PL) spectrum was measured with a He--Cd laser (325 nm) at room temperature.

Results and Discussion
======================

The selection of the core polymer to be used as the nanofiber template is critical to the process. Polyvinyl pyrrolidone (PVP,*M*~w~ ≈ 1,300,000) was selected as a suitable template material since it could be processed to fibers with length in the millimeter range, and be stable during coating but degrade under conditions to leave the wall material intact. The equilibrium melting temperature of PVP is 300°C \[[@B28]\], which makes the template fiber thermomechanically stable. Figure [1](#F1){ref-type="fig"} shows a SEM image of the aligned PVP nanofibers on a silicon substrate. The enlarged view, shown in the inset, indicates that the average diameter of PVP nanofibers with smooth surface is 200 nm. Figure [2a](#F2){ref-type="fig"} is a digital image showing the aligned core--shell nanofibers coated by PECVD suspended across the U-shaped frame. The PVP nanofibers were baked from 80 to 150°C for 8--10 h and coated for 6--15 min, but it still kept suspended and tight with a length of 4 mm, indicating that PVP has good thermal and mechanical stability. Figure [2b](#F2){ref-type="fig"} is optical micrograph of suspended aligned core--shell nanofiber array from one of the samples shown in Fig. [2a](#F2){ref-type="fig"}. From Figs. [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}, it was clearly that well-aligned and ultra-long PVP nanofibers were obtained by electrospinning over large areas. There are two basic requirements for obtaining highly aligned PVP nanofibers in this process: (i) the jet emerging from the Talylor's cone is stabilized in the effect of electric field; (ii) choosing a suitable gap width and a suitable needle tip-to-target distance. Moreover, the density of the nanofiber array depends on the electrospinning time.

![SEM image of aligned PVP nanofibers. The *inset* is their enlarged view](1556-276X-5-279-1){#F1}

![**a** Digital image and **b** optical micrographs of the aligned core--shell nanofibers suspended over the U-shaped frame](1556-276X-5-279-2){#F2}

Figure [3a](#F3){ref-type="fig"} and [3b](#F3){ref-type="fig"} show, respectively, low-magnification and high- magnification SEM images of the well-aligned nanotubes, which were obtained after PVP nanofibers were baked at 80°C for 10 h, coated for 10 min and removed by annealing. Most of the nanotubes are straight and have uniform dimensions along their entire lengths. The average outer diameter of the nanotubes is around 170 nm and the surface of nanotubes is smooth. The tubular structures are clearly shown in Fig. [3c](#F3){ref-type="fig"}. The SEM image of a cross-section of nanotubes reveals that the coating layer did not collapse after PVP template nanofibers were removed by pyrolysis.

![**a** Low-magnification and **b** high-magnification SEM images of aligned SiO*x* nanotubes. **c** SEM image of a cross-section of SiO*x* nanotubes](1556-276X-5-279-3){#F3}

Because the nanotubes are aligned and ultra long, it can be physically separated by a simple scratch and put on copper grid without carbon film for TEM observations, which allow us to gain an insight into the prepared tube structure. Figure [4a](#F4){ref-type="fig"} and [4b](#F4){ref-type="fig"} show, respectively, the TEM images of aligned nanotubes and an individual nanotube prepared in the same condition. There is a distinct boundary between the tube channel and tube wall, and some remainder of PVP pyrolysis is in the tubes channel. The average inner diameter of the nanotubes is approximately 110 nm, which is thinner than the average diameter of electrospun PVP nanofibers. The wall thickness of nanotubes is about 30 nm uniformly corresponding to a 10-min coating time. The highly diffusive ring pattern in the corresponding selected-area electron diffraction (SAED) taken from the individual nanotube reveals these tubular materials are amorphous (inset in Fig. [4b](#F4){ref-type="fig"}). Figure [4c](#F4){ref-type="fig"} gives EDX spectrum of the individual nanotube shown in Fig. [4b](#F4){ref-type="fig"}. Leaving out account Cu from copper TEM grid, the atomic components of the nanotube are Si~28.07~, O~34.36~ and C~37.57~. The result suggests that silicon oxide SiO*x* nanotubes are obtained. The additional carbon peak in the spectrum arises from remainder of PVP pyrolysis \[[@B28]\], which is consistent with the observation in TEM image (Fig. [4a](#F4){ref-type="fig"}). Considering that the SiO*x* nanotubes are ultra-long and have a smooth tube wall, part of PVP core should be removed through the tube opening, which is also a reasonable answer for question from Liu et al. \[[@B27]\].

![**a** TEM image of aligned SiO*x* nanotubes. **b** TEM image of an individual SiO*x* nanotube.*Inset* the SAED rings taken from the nanotube. **c** EDX spectrum taken from the SiO*x* nanotube shown in (**b**)](1556-276X-5-279-4){#F4}

Using plastic flake as substrate, the XPS of samples pre and postannealing were obtained. The XPS measurements of the specimen surfaces (\~5 nm in depth) indicate that these samples contain Si, O and C. The Si (2p) spectra of samples pre and postannealing are shown in Fig. [5a](#F5){ref-type="fig"} and [5b](#F5){ref-type="fig"}, respectively. According to the random-bonding model, many group analyzed the Si 2p core-level spectra in terms of five chemically shifted components corresponding to basic Si bonding units Si--(Si~4−*n*~O~*n*~), with *n* = 0*,*1*,...,*4 \[[@B29]-[@B32]\]. A curve-fitting procedure of the Si 2p core-level line was also adopted in order to identify the inequivalent states of Si. In Fig. [5a](#F5){ref-type="fig"}, two peaks situated at 99.2 and 102.4 eV are associated with the Si^0^ (Si-Si~4~) and Si^3+^ (Si-SiO~3~), respectively. By contrast, two peaks situated at 102.1 and 103.5 eV are associated with Si^3+^ (Si-SiO~3~) and Si^4+^ (Si-O~4~), respectively (shown in Fig. [5b](#F5){ref-type="fig"}). The disappearance of Si^0^ (Si-Si~4~) and appearance of Si^4+^ (Si-O~4~) indicate that the sample is slightly oxidized in the annealing process and thin SiO~2~ layers are formed on the surface of SiO*x* nanotubes. This result is unexpected, but it also indicates that the SiO*x* nanotubes can be oxidized completely to SiO~2~ by heating the nanotubes in oxygen or air, which is similar to oxidation of SiO*x* film reported by Gonzalez-Elipe et al. \[[@B31]\].

![Fitting analysis of Si 2p core-level spectra of samples **a** pre and **b** postannealing](1556-276X-5-279-5){#F5}

Figure [6](#F6){ref-type="fig"} is the micro-Raman spectrum of SiO*x* nanotubes. There is no Si peak in the spectrum, indicating that no silicon particles exist in the tube wall. The D- and G-peaks of graphite at 1,358 and 1,618 cm^−1^ still arise from the remainder of PVP pyrolysis in the tube channel, which is consistent with observation in TEM image and measured results of EDS and XPS.

![Raman spectrum of SiO*x* nanotubes](1556-276X-5-279-6){#F6}

Generally, the inner diameters of tubes represented the diameters of the polymer template fibers \[[@B25]\]. However, it was found that the average inner diameter (110 nm) (Fig. [4b](#F4){ref-type="fig"}) of SiO*x* nanotubes was smaller than the average diameter (200 nm) (Fig. [1](#F1){ref-type="fig"}) of electrospun PVP nanofibers. We deduced that the electrospun PVP nanofibers became fine because of the baking by oven (80°C for 10 h) and plasma etching in the pre-treatment process similar to electron irradiation \[[@B33]\], which led to a smaller inner diameter of nanotubes. To confirm the effect of baking, electrospun PVP template fibers were dried at 150°C for 3 h and at 80°C for 5 h subsequently. TEM images of the sample coated for 6 min are shown in Fig. [7a](#F7){ref-type="fig"} and [7b](#F7){ref-type="fig"}. It can be clearly seen that the average inner diameter of aligned nanotubes is 20 nm, and the wall thickness is about 12 nm, which demonstrates that the diameter of PVP nanofibers or the inner diameter of nanotubes can be controlled by simply baking electrospun PVP fibers. Although the inner diameter of the nanotubes can also be tuned by control of the diameter of template fiber by simply adjusting the physical properties of polymer solution, this usually begeted changes of the solution conductivity further influenced the orientation degree of polymer fibers in spinning process. Moreover, thinner fibers tended to be broken during the spinning process. Therefore, baking offered a simple and effective approach for controlling the diameter of electrospun polymer fibers without sacrificing the orientation degree and the length of arrays. Since the inner diameter of SiO*x* nanotubes decreased, some remainder of PVP pyrolysis was difficult to remove and existed in the tube channel in the form of nanofibers, shown in Fig. [7b](#F7){ref-type="fig"}. Drying electrospun PVP nanofibers at 80°C for 10 h and prolonging coating time to 15 min increased outer diameter of SiO*x* tube to 300 nm with 90-nm-thick wall, as showing by SEM in Fig [7c](#F7){ref-type="fig"} and [7d](#F7){ref-type="fig"}. The increase of wall thickness would naturally enhance the mechanical properties of the tubes. Because the PVP nanofibers were suspended in the form of alignment in the dissociated gas and had suitable packing density, the thickness of the coated layers was uniform and had a wide varying range. Therefore, the outer diameter of the tubes is governed by the thickness of the tube wall controlled by the CVD conditions (in particular by the coating time), whereas the inner diameter is controlled by the size of the PVP template fibers.

![**a** Low-magnification and **b** high-magnification TEM images of aligned SiO*x* nanotubes with thinner inner diameter. **c** Low-magnification and **d** high-magnification SEM images of a cross-section of SiO*x* nanotubes with thicker tube wall](1556-276X-5-279-7){#F7}

Figure [8](#F8){ref-type="fig"} presents the micro-PL spectrum of the SiO*x* nanotubes. Strong blue--green emission from the SiO*x* nanotubes, with at least two peaks at 400--600 nm region was observed. After decomposing with multi-Gaussian function, three luminescent centers at 415, 514 and 624 nm with spectra linewidths of 57, 106 and 157 nm, respectively, are demonstrated. The strongest PL peak at 514 nm is very similar to those obtained by Jiang et al.\[[@B20]\] and Yu et al. \[[@B34]\]. The luminescence at 514 nm reported by Lin et al. \[[@B19],[@B35]\] has been attributed to the defect (a paramagnetic state of Si cluster or a delocalized variant of the *E*′ center). Some observations also suggest that the defect is based on the existence of small amorphous Si cluster \[[@B36],[@B37]\] or its precursor \[[@B38]\] in SiO~2~:Si^+^ or Si:O^+^ materials, which agrees quite well with the measured results of EDS and XPS. Based on the literature data \[[@B19],[@B35],[@B39]\], the luminescence at 415 and 620 nm are identified as originating from the weak oxygen bond (WOB) defect and the nonbridging oxygen hole center (NBOHC) defect, respectively.

![Micro-PL spectrum of SiO*x* nanotubes](1556-276X-5-279-8){#F8}

Conclusions
===========

In summary, it has been shown that aligned ultra-long SiO*x* nanotubes can be prepared by PECVD system using electrospun aligned PVP template fiber array. The inner diameter and wall thickness of nanotubes were controlled,respectively, by baking the electrospun PVP nanofibers and by coating time without sacrificing the orientation degree and the length of arrays. The PL spectrum of SiO*x* nanotubes shows a blue--green emission with a peak at about 514 nm accompanied by two shoulders around 415 and 624 nm, which is caused by the defects in the nanotubes. Our method shows a great improvement on the basis of tubes by fiber templates (TUFT) process \[[@B25]\] and is a straightforward and easy process for preparing aligned ultra-long SiO*x* nanotubes with very high aspect ratios. These aligned and diameter-controlled SiO*x* nanotubes obtained by us are of great potential for use in nanoscale fluidic bioseparation, sensing, catalysis and nanodevices. Moreover, this method can be used for preparation of aligned hybrid tubes and nesting structure of nanoparticle/nanofiber/nanotube in tube.
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